An electrochemical sensor based on a three-dimensional (3D) graphene/carbon nanotube (G/CNT) hybrid was developed for the sensitive detection of olaquindox (OLA). 3D G/CNT hybrid through covalent C-C bonding was fabricated by one-step synthesis using catalytic chemical vapor deposition. To construct the base of the sensor, a novel composite was fabricated by a functionalized 3D G/CNT with poly-(dimethy diallyl ammonium chloride) and Nafion via simple grind and ultrasonication dispersion methods. The electrochemical determination of OLA exhibited an oxidation peak at −0.685 V with a higher current response. Due to the effective surface area and active sites, a good linear relationship was observed between the OLA concentration and peak current over the range of 1.5 × 10 −6 -2.7 × 10 −3 mg mL −1 with a detection limit of 6.12 × 10 −8 mg mL −1 (3σ). The proposed electrochemical sensor was used to detect OLA in swine samples at a recovery ranging from 97.78% to 104.25%, which exhibits a broader prospect to supervise animal products and a high potential for food security applications.
Introduction
Olaquindox (OLA), one of the quinoxaline 1,4-dioxide derivatives, is a synthetic antibacterial agent. 1 OLA can promote growth, improve feed efficiency and control swine dysentery and bacterial enteritis. 2 This derivative is broadly used as a feed additive for swine in some regions of the world. However, it has been reported that a high concentration of OLA applied to livestock and poultry can result in residual problems in the bodies of animals, which eventually pose a great threat for human health, 3 such as mutagenicity, genotoxicity, hepatoxicity and nephrotoxicity. [4] [5] [6] [7] Consequently, the detection of OLA from the environmental and food samples is of great significance. Until now, various OLA analytical methods have been reported, such as high-performance liquid chromatography, 8 liquid chromatography-electrospray-mass spectrometry-mass spectrometry 9 and hydrophilic interaction ultrahigh-pressure liquid chromatography. 10 Nevertheless, these methods involve liquid-liquid extraction followed by a clean-up step, which make them time consuming and expensive to perform. 11 The ability to sensitively and selectively measure the concentration of OLA could potentially be used for human health, and it is desirable to develop a sensitive, facile method for detecting OLA.
An electrochemical sensor for substance detection has remarkable advantages, such as high sensitivity, fast response, low cost and easy integration with portable devices. 12, 13 To improve the sensitivity and stability of sensors, nanomaterials, especially graphene 14, 15 and carbon nanotubes (CNT), 16, 17 have been introduced in constructing electrochemical sensors. Xu et al. 18 reported a multiwalled carbon nanotube-modified glassy carbon electrode (GCE) to detect OLA with a detection limit of 0.26 mg mL ¹1 . Wang et al. 19 synthesized a molecularly imprinted electrochemical sensor based on Au nanoparticles in carboxylated multiwalled carbon nanotubes for the sensitive determination of OLA at a detection limit of 2.7 nM. Furthermore, electrochemical sensing using carbon nanomaterial hybrids greatly attracted considerable attention due to their extraordinary high electrical conductivity, fascinating mechanical properties and excellent electrochemical stability. To date, several strategies have been explored to fabricate hybrids. Majd et al. 20 reported carboxylated multiwalled carbon nanotubes immobilized onto reduced graphene oxide films to fabricate an aptasensor for CA 125 cancer marker detection. Liu et al. 21 prepared chemically reduced graphene and carbon nanotube hybrids using layerby-layer assembly for human IgG determination. Peng et al. 22 developed a graphene and carbon nanotube hybrid as a transistor sensor to detect ammonium. However, the aggregation or restacking of graphene inevitably occurs because the strong O-O interactions results in the loss of effective surface area. 23 One way to overcome this issue is to design and fabricate three-dimensional (3D) material architectures with maximum accessible surface area structures. The Lai group 24 explored 3D porous carbonaceous electrodes for dopamine detection with a low detection limit of 20 nM. Asadian and coworkers 23 reported a 3D graphene-carbon nanotube (G/CNT) network-modified GCE for the sensitive electrochemical determination of methotrexate with a low detection limit of 70 nM. Therefore, the development of a 3D material is still a potential need today for a more sensitive electrochemical sensor. There are several strategies to synthesize G/CNT hybrids, such as postorganization methods, 25 electrodeposition, 26 liquid phase reaction, 27 direct chemical vapor deposition (CVD) growth routes. 28 However, the postorganization methods cannot provide the covalent C-C bonding between graphene and CNTs. The direct growth routes can provide the formation of a covalent C-C bonding connection of G/CNT hybrids. G/CNT with covalent C-C bonding has great potential in electrochemical field.
Herein, 3D C-C bonding G/CNThybridess were synthesized by one step catalytic CVD. The CNTs that developed on the graphene planes enhanced the dispersion of graphene and inhibited aggregation. 29 Poly-(dimethy diallyl ammonium chloride) (PDDA) is a covalent substance that has been used to modify and create welldispersed carbon nanomaterials in aqueous solutions. 30, 31 Nafion, as a perfluorinated sulphonated cation exchanger, has been widely used as an electrode modifier. 32 Furthermore, Nafion can also increase the immobilization stability of carbon nanomaterials on a GCE surface due to its excellent film forming ability. 33 Subsequently, 3D G/CNT materials with PDDA and a Nafion-modified GCE was used to fabricate a novel electrochemical sensor by a drop-coating method. The electrochemical behavior of OLA was investigated at the 3D G/ CNT-modified electrodes. The developed electrochemical method was applied to detect OLA in swine urine samples.
Experimental

Materials
The graphene and CNTs were purchased from Sigma-Aldrich (USA). OLA and PDDA were purchased from Aladdin (China). Nafion (a 5 wt% solution in a mixture of water and lower aliphatic alcohols) was purchased from Sigma-Aldrich (USA), and the 5% Nafion solution was diluted to 0.1% in deionized water. Other chemicals were of analytical grade. Phosphate buffer solutions (PBS, 0.1 mol L ¹1 ) with different pH values were prepared with Na 2 HPO 4 (0.1 mol L
¹1
) and NaH 2 PO 4 (0.1 mol L
). Deionized water was acquired from Millipore (Bedford, MA, USA) and used in all experiments.
Synthesis of the 3D G/CNT hybrid
A 3D G/CNT hybrid was fabricated by facile catalytic growth on layered double hydroxide (LDH) at high temperature over 950°C, as reference. 29 The FeMgAl LDH flakes were prepared according to the urea-assisted co-precipitation reaction. Fe(NO 3 ) 3 ·9H 2 O (1.65 g), Mg(NO 3 ) 3 ·9H 2 O (10.74 g), Al(NO 3 ) 3 ·9H 2 O (3.63 g) and urea (9 g) were dissolved in 500 mL deionized water. Then, the solution was vigorously stirred at 94°C for 12 h (equipped with a reflux condenser). The suspension was filtered, and the residue was washed using deionized water. The products were ground into brown-yellow powders in the mortar after freeze-drying.
The preparation of the G/CNT hybrids was followed by catalytic CVD. The quartz boat was placed at the center of a quartz tube and inserted into a furnace (TF55035C-1 Lindberg/Blue M) after the FeMgAl LDH flakes were uniformly sprayed. The furnace was heated in an Ar atmosphere (400 mL min
¹1
). On reaching 950°C, 400 mL min ¹1 of CH 4 was introduced into the reactor for 10 min. Then, the furnace was cooled to 25°C under an Ar flow. To remove the FeMgAl layered double oxide (LDO) flakes, the products were prepared in proper order with 1 mol L ¹1 HCl at 80°C for 3 h and 6 mol L ¹1 NaOH at 150°C for 6 h. The products were treated under a CO 2 and Ar flow at 750°C for 30 min. The sample was further treated with 1 mol L ¹1 HCl at 80°C for 1 h. The products were filtered, washed and freeze-dried for subsequent use.
Characterization
Scanning electron microscopy (SEM) was carried out on a Sigma 300 microscope (ZEISS, Germany). Transmission electron microscopy (TEM) was conducted on a Tecnai F30G2 microscope (FEI, Netherlands). Raman spectroscopy pattern was obtained using a Labram HR800 (HORIBA, America) Raman system. XRD (X-ray powder diffraction) patterns were collected on a D8 ADVAHCL (Bruker, Germany) using CuKa radiation.
Preparation of the 3D G/CNT-modified electrode
One milligram of 3D G/CNT materials was dispersed in 4.0 mL of N,N-dimethylformamide solution to obtain a 0.25 mg mL ¹1 suspension. Next, 20 µL PDDA and 10 µL Nafion were added to the mixture to form a homogeneous black dispersion through grinding and ultrasonication at room temperature. Before the start of the electrochemical experiments and modification procedures, the GCE was polished in a 0.05 mm slurry of alumina powder on microcloth pads. The electrodes were sonicated in ethanol, 1:1 (v/v) nitric acid/acetone and double distilled water and were dried in air at room temperature. Subsequently, the homogeneous G/CNT material dispersion was carefully dropped onto the surface of the GCE and dried at room temperature to obtain the modified GCE.
Procedure for OLA analysis
Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were performed using a CHI660E electrochemical workstation (Chenhua Instrument Company of Shanghai, China) coupled with a conventional three-electrode system. The working electrode was a G/CNT electrode; the reference electrode was a Ag/AgCl electrode; and the counter electrode was a platinum wire. The electrochemical behavior of OLA was studied by CV and DPV. All the experiments were carried out in a conventional electrochemical cell holding PBS (15 mL, 0.1 mol L
¹1
) and a certain amount of OLA at room temperature. The CV and DPV data were recorded from ¹1.0 V to ¹0.4 V, and the anodic peak current at ¹0.685 V was chosen for the quantitative analysis of OLA. Chromatographic analysis was performed using a high performance liquid chromatography (HPLC) (2695, Alliance, USA) equipped with a UV visible detector. Chromatographic separations were achieved using a C 18 column (25 cm © 4.6 mm I.D., particle diameter 5 µm, Phenomenex). The mobile phase was 15% methanol at a flow rate of 1.0 mL/min. The injection volume of the sample was 20 µL. The column temperature was set at 25°C. The detection UV wavelength was set at 260 nm.
Results and Discussion
Characterization
FeMgAl LDH flakes as the two-dimensional lamellar substrates were used in the high-temperature CVD of graphene with hydrocarbons. The hydrogen was generated from the decomposition of hydrocarbons simultaneously and reduced the LDHs to form Fe nanoparticles. Consequently, CNTs grew continuously from these Fe nanoparticles with the continuous introduction of hydrocarbons. 29 The covalent C-C bonding between graphene and CNTs can be suspected. The G/CNT hybrids are obtained after calcined the LDH flakes. Figure 1 shows SEM and TEM images of the 3D G/CNTs. The SEM image demonstrates the morphology of the CNTs interlinked with graphene flakes, in which most of the CNTs grew on the surface of the graphene layer on both sides (Fig. 1A) . The CNTs among the graphene layers prevented the stacking of the graphene sheets and inhibited the aggregation of the CNTs. TEM images revealed that the G/CNT hybrids were mainly composed of graphene and CNTs. From Fig. 1B , it can be seen that the porosities of the 3D G/CNT materials were higher than those of graphene and the CNTs, which can drastically increase the surface area. 34 The Raman spectrum of the 3D G/CNT hybrid is shown in Fig. 2A . The calculated I D /I G ratios of graphene and CNTs were 0.60 35 and 0.78, 36 respectively. Figure 2A displays a I D /I G ratio of 0.70 for the 3D G/CNT hybrid. The I D /I G ratio probably presents the hybrids of graphene and the CNTs and shows an increase in the purity and crystallinity of the CNTs. 36 Figure 2B indicates a typical XRD spectrum of the 3D G/CNT hybrid. The XRD pattern shows two diffraction peaks at approximately 25°and 43°. It can be inferred that the synthesized nanomaterial has all the characteristic reflections of carbon nanotubes [37] [38] [39] or graphene. 40 Further, the samples indicated different XRD patterns in terms of the shapes of the XRD peaks. All these characterizations clearly proved that the synthesized nanomaterials were hybrids of carbon nanotubes and graphene.
Electrochemistry, (in press)
The electrochemical behavior of OLA was studied using DPV with different GCEs. Figure 3 shows DPV measurements for the bare GCE, GO GCE, CNT GCE, and G/CNT GCE. The DPV curve shows a negligible oxidation peak for both the GO GCE and CNT GCE. However, the peak current was greatly increased at the G/ CNT GCE compared to the GO GCE and CNT GCE. The result might be ascribed to the congenerous effect of the G/CNT hybrids and the increase in the specific surface area. It was apparent that the G/CNT film strongly enhanced the oxidation of OLA, which remarkably raised the response signal of OLA. The O-O bonding occurs between C=C double bonds or benzene rings of adsorbed OLA on G/CNT surface 41 and there are four proposed adsorption sites of OLA for G/CNT bundles including outermost surface, interstitial channels, inner cavities and grooves. 42 
Detection of OLA
The effects of a 0.1 M PBS with different pH values on the DPV responses of OLA were investigated and are shown in Fig. 4A . The DPV data of OLA at the G/CNT GCE in a PBS with pH values ranging from 6 to 9 were analyzed. As seen in Fig. 4A , the peak current increased with increasing pH up to 7.5 and decreased at higher pH. A pH of 7.5 for PBS was chosen to obtain the highest sensitivity. In Fig. 4B , the oxidation potential (Epa) negatively shifts with increasing pH value, and Epa and pH have a good linear relationship, indicating that the proton participated in the electrochemical reaction of OLA. The regression equation was expressed by:
The peak potentials is given by:
where E pa(pH=0) is the peak potentials at pH = 0. The values of E pa are plotted in Fig. 4B . E pa was shifted to negative potentials with the slope of 76.78 mV/pH. According to the equation, the obtained slope value was close to the theoretical value of ¹59 mV/pH, which revealed the electron transfer involved in the electrochemical process was accompanied by an equal proton level, the proton number (m) was estimated approximately 2. Figure 5A shows the effects of the level of G/CNT dispersion on the peak current. The results show that the peak current increased with an increasing amount of modifier, and when the amount exceeded 8 µL, the peak current response slowly decreased as the amount of modifier continued to increase. The effect of the modifier amount on the peak current is related to the film thickness. A very thin G/CNT film will lead an inadequate adsorption amount of OLA Electrochemistry, (in press) on the electrode surface, resulting in a low peak current. In contrast, a very thick G/CNT film will reduce the conductivity of the electrode, and result in a low peak current. The aggregation may reduce the surface area during the formation of interstitial channels between nanotubes and grooves on the periphery of the bundles. 42 In addition, OLA adsorption would deplete a great number of adsorption sites on 3D G/CNT surfaces due to surface coverage and pore blockage. 44 Thus, a modifier amount of 8 µL was selected in the experiment.
The impact of accumulation time was investigated over the range from 2 to 20 min at room temperature (Fig. 5B) . The results show that the oxidation peak current greatly increased with a prolonged incubation time and achieved balance at 18 min. This phenomenon revealed that the accumulation time can improve the detection sensitivity because more OLA can be adsorbed on the surface of 3D G/CNT. When the accumulation time exceeded 18 min, the peak current exhibits a plateau with prolonged accumulation time. The results indicate that the adsorption amount of OLA on the surface of the 3D G/CNT film is a limiting value. Thus, on the basis of this experiment, an 18 min accumulation time was selected.
Effects of the scan rates for OLA
To investigate the reaction kinetics, the effect of the scan rate (M) on the peak current of OLA was studied in detail. Figure 6A shows the CVs of the 3D G/CNT GCE in 0.1 mol L ¹1 PBS (pH 7.5) with 2.1 © 10 ¹3 mg mL ¹1 OLA at different scan rates. The scan rate changed from 25 to 1000 mV s
¹1
. The oxidation (I pa ) and reduction (I pc ) peak current changed linearly with the scan rate (Fig. 6B) . The linear equations can be expressed as: The linear relationship between the peak current and scan rate indicates the electrochemical surface action is an adsorptioncontrolled process. The phenomena reveal that the electrochemical oxidation process of OLA occurs through adsorption with the 3D G/ CNT film.
The results demonstrated that the oxidation of OLA at the G/ CNT electrode was a two-electron and two-proton transfer process. The electrooxidation of OLA at the G/CNT electrode may be illustrated as follows: 
Reproducibility, stability and interference
The reproducibility of the sensors was investigated using five 3D G/CNT electrodes by the same method. The 2.1 © 10 ¹3 mg mL
¹1
OLA solution was detected by DPV, and the obtained relative standard deviation (RSD) was 2.9%. The results show that a Electrochemistry, (in press) satisfactory reproducibility can be obtained by the present 3D G/ CNT electrochemical sensing platform. The stability was studied by checking the peak current response of 2.1 © 10 ¹3 mg mL ¹1 OLA after the 3D G/CNT GCE was stored in air at 25°C for one month. A better stability is implied for only a 3.1% decrease in the current signal. The interference was investigated for 2. , uric acid, urea, sucrose and glucose insignificantly influenced the determination of OLA with less than a 3% change in current (Fig. 7) . The results showed the great interference ability of the 3D G/CNT GCE for the OLA detection.
Linear range and detection limit
DPV was used to determine the electrochemical response of OLA with different concentrations at the 3D G/CNT GCE (Fig. 8) . The oxidation peak currents of OLA were linear over a concentration in a large range from 1.5 © 10 ¹6 to 2.7 © 10 ¹3 mg mL
¹1
. The linear regression equation was i p = 5.152c + 1.225 (R = 0.9903). The detection limit (3Q) was estimated to be approximately 6.12 © 10 ¹8 mg mL ¹1 . The 3D G/CNT electrodes have a broader linear range and lower detection limit for OLA detection compared with those of the reported analytical methods in Table 1 . Therefore, the 3D G/CNT-modified electrode for the sensitive detection of OLA was achieved. ) using G/CNT-modified electrodes. Figure 8 . The interference property at the G/CNT-modified electrodes of 2.0 © 10 ¹3 mg mL ¹1 OLA with a 100-fold increase in the concentration of several competitors. Table 1 . The linear ranges and detection limits of the present and reported OLA determination methods.
Electrode
Linear range (mg mL ¹1 )
Detection limit (mg mL
Real sample analysis
To evaluate the performance of the OLA detection in real samples, OLA was determined in swine urine. The swine urine samples were collected from a livestock hoggery in Xi'an, China and filtered to remove any impurities. Each of the samples was divided into two parts: one was the blank sample, in which OLA was not found, and the other was a spiked sample. Five different concentrations of OLA were introduced into the swine urine by the standard addition method; then the samples were analyzed with the abovementioned electrochemical method. Table 2 shows the recoveries of the five real samples, and the recoveries were in the range from 97.78% to 104.25%. The accuracy, which was studied by calculating the RSD from the detection of five parallel samples, was less than 3.4%, and the reliability of the present method was also evaluated by comparing the HPLC method. These results indicated that this novel method had a high accuracy and can be applied to OLA determination in real samples.
Conclusion
The 3D G/CNT materials were obtained by catalytic CVD and used to fabricate an electrochemical sensor for OLA detection. Despite the development of defects during the deposition of graphene on the LDO flakes, the connection spots between graphene and the CNTs were unavoidable. The 3D G/CNT materials provided a super large accessible surface area and promoted the electrode interface. The 3D G/CNT-based electrochemical sensor exhibited excellent electrochemical activity for the oxidation of OLA and enhanced the response signal of OLA with a lower detection limit. Thus, the present strategy provides a facile and promising platform for the analytical application of 3D G/CNT materials.
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